The effects of extracellular rubidium chloride (1, 2, 4, and 8 HIM) on simultaneously recorded transmembrane action potentials and contractions of human papillary muscle in potassium-free solutions were investigated. In KCl-free solution, reduction in the duration of the action potential at the 25% and 50% levels of repolarization was associated with an increase in the force of contraction. Exposure of the muscle to rubidium chloride led to an increase in the duration of the action potential at 25% and 50% levels of repolarization associated with a corresponding decrease in the force of contraction. A decrease in the force of contraction was more usually associated with an increase in the duration of the action potential at the 25% level of repolarization than at the 50% level. No appreciable change in the duration of the action potential at the 90% level of repolarization was observed. Increases in the duration associated with corresponding decreases in the force of contraction were concentrationdependent. Rubidium chloride (8 m\i) produced a conduction delay and inexcitabih'ty in the muscle. It has been suggested that in KCl-free solution the reduction in the duration of the action potential and an increase in the force of contraction were associated with inhibition of membrane ATPase. Also, the increases in the duration of the action potential accompanied by decreases in the force of contraction were associated with rubidium chloride-induced stimulation of membrane ATPase in human myocardium.
• The positive inotropic effect of cardiac glycosides, inhibitors of membrane adenosinetriphosphatase (ATPase), has been reported to be associated with a reduction in the duration of the action potential in trabecular muscle of sheep heart (1) and in papillary muscle of guinea pig heart (2) . Edmands et al. (3) reported that the early inotropic effects of ouabain were accompanied by a shortening of phase 2 (20% level of repolarization) and a lengthening of phase 3 of the action potential in canine myocardium. It has been suggested by Prasad (2) that shortening of the duration of the action potential produced by ouabain might be linked with inhibition of Mg 2 +dependent and Na + -and K + -activated membrane ATPase, which is responsible for the active membrane transport of Na + and K + , and which in turn might in some way affect the myocardial contractility.
Activation of membrane ATPase is dependent upon the presence of a defined ratio of Na+ and K + (4, 5) . Lee and Yu (4) reported that the ATPase in guinea pig heart was inhibited in potassium-free solution and also that there was a direct relationship between potassium concentrations and stimulation of the membrane ATPase. Recently a 158 PRASAD, CALLAGHAN temporal relation between shortening of the duration of the action potential at the 25% and 50% levels of repolarization and an increase in the force of contraction of human papillary muscle in potassium-free solution has been demonstrated by Prasad et al. (6) . Similar observations have been made in guinea pig papillary muscle (7) . These workers also reported a direct relationship between the increases in extracellular potassium concentrations and the increases in the duration of the action potential associated with corresponding decreases in the force of contraction.
Cesium chloride, which has been reported to stimulate the membrane ATPase in the same way as KCl (5, 8, 9) in the nerve membrane, has also been demonstrated to affect the membrane potential and contraction of guinea pig papillary muscle in the same way as KCl (7) . It has been suggested that these changes in the duration of the action potential and force of contraction were associated with cesium-and potassium-induced changes in the ATPase activity of the human heart (6, 7) .
Rubidium chloride (RbCl) has been reported to replace KCl in stimulating ATPase activity in nerve membrane (5, 8, 9) . If the ATPase of the human heart behaves similarly to nerve membrane ATPase, then in potassium-free solution, there should be a direct relationship between the extracellular RbCl concentration and an increase in the duration of the action potential associated with a corresponding decrease in force of contraction of human cardiac muscle. The present study deals with the effect of replacement of extracellular KCl by RbCl on the transmembrane action potential and force of contraction of papillary muscle of the human heart.
Methods
The experiments were carried out on papillary muscles obtained from patients aged between 10 and 60 years, undergoing corrective open-heart surgery for mitral incompetence and stenosis or aortic incompetence associated with mitral incompetence or stenosis due to rheumatic heart disease. Immediately after excision, the mus-cle was transferred to a chilled Krebs-Ringer solution and removed to the laboratory for study. The muscle strips (3 to 5 mm long, 1 to 2 mm wide, and 0.5 to 0.75 mm thick) were prepared in such a way that the fiber bundle ran parallel to its length. They were mounted horizontally at a resting tension of 2 to 2.5 g in a jacketed 100ml constant-temperature bath at 37°C. The bath contained Krebs-Ringer solution of the following composition in milliequivalents per liter: Na, 138.5; K, 4.6; Ca, 4.9; Mg, 2.3; HCO 3 , 21.91; PO.,, 3.48; Cl, 125; and glucose 10 ITIM. The solution was equilibrated with 95% Oo and 5% CO 2 . The muscles were stimulated with pulses of 2 to 10 v lasting 5 msec at the rate of 60/min by a Grass stimulator through platinum electrodes placed at one end of each muscle. Simultaneous recordings of the transmembrane action potential and force of contraction were made on an Offner Dynograph, displayed on a 502A Oscilloscope, and recorded on Polaroid film.
Single-cell electrical activity was recorded by means of glass microelectrodes filled with 3M KCl using the floating-electrode technique of Woodbury and Rrady (10) . Measurements of potential were made through a Medistor negative capacitance electrometer, monitored on a Tektronix 502 oscilloscope, and recorded on an OfFner Dynograph. Force of contraction was recorded by a Statham force-displacement transducer.
The muscles were equilibrated in normal Krebs-Ringer solution for 3 hours before the Transmembrane action potential (lower record) and force of contraction (upper record) of human papillary muscle. 0 -zero level of resting potential. Calibration for magnitude of action potential in mv, duration of the action potential in msec, and muscle tension in g are indicated. The measurements of the duration of the action potential at 25%, 50%, and 90% levels of repolarization and the amplitude of the action potential (AP) are shown. The measurements at different levels of repolarization have been chosen arbitrarily. normal electrical and mechanical activities were recorded. The muscles were then exposed to KCl-free Krebs-Ringer solution and equilibrated for 30 to 35 minutes. Spectroscopically pure RbCl (ultrapure optical grade, Nutritional Biochem, Cleveland, Ohio) in various concentrations was then added to the bath, and the transmembrane action potential and force of contraction were recorded for 10 to 20 minutes. Between the KCl-free solution and the solution containing RbCl, the muscles were regularly exposed to normal Krebs solution containing 4.6 mM KCl for 20 minutes. Measurements of the duration of the action potential at the 25%, 50%, and 90% levels of repolarization, amplitude of the action potential, and force of contraction of papillary muscle were made as shown in Figure 1 .
RUBIDIUM AND ELECTROMECHANICS OF HUMAN PAPILLARY MUSCLE

Results
EFFECTS OF COMPLETE REMOVAL OF KCl FROM THE EXTERNAL MEDIUM ON ELECTRICAL AND MECHANICAL ACTIVITIES
Complete removal of KCl from Krebs-Ringer solution resulted in the changes in
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the pattern of the transmembrane action potential and contraction of papillary muscle shown in Figure 2 . Figure 3 shows the sequential changes in the contractile force and in the duration and amplitude of the action potential of papillary muscles in eight such experiments. There was an immediate shortening of the duration of the action potential at the 25% level of repolarization, and this was followed later by shortening at the 50% level of repolarization. There was either lengthening or no appreciable change in the duration at the 90% level of repolarization. These changes were associated with increases in the force of contraction, and they progressed for 25 to 35 minutes after which no further changes in either duration of the action potential or force of contraction were noted during a 1-hour observation period. The shortening of the duration of the action potential at the 25% level of repolarization was more marked than that at the 50% level of repolarization. There was usually, but not always, an increase in the resting potential. Total amplitude of the action potential initially increased progressively but later decreased toward the control value. The increase in force of contraction was more closely associated with a shortening of the duration of the action potential at the 25% level of repolarization than that at the 50% level of repolarization. The increase in force of contraction was not related to either the changes in the total amplitude or the duration of the action potential at the 90% level of cardiac repolarization.
EFFECTS OF EXTRACELLULAR RbCI IN KCI-FREE SOLUTIONS ON ELECTRICAL AND MECHANICAL ACTIVITIES
Experiments were carried out on muscle strips that were allowed to contract in KClfree Krebs-Ringer solution for 25 to 30 minutes. Rubidium chloride, 1 mM, was then added to the solution bathing the muscle, and the changes in the action potential and contraction were recorded for a period varying from 15 to 20 minutes. A representative recording of the changes in action potential and contraction from a single muscle with such treatment is shown in Figure 4 . Sequential changes in the amplitude and duration of the action potential and the force of contraction of eight such treated papillary muscles are shown in Figure 5 . Within 2 minutes of exposure of the muscle to RbCI, there was an increase in the duration of the action potential at the 25% level of repolarization and a marked decrease in the force of contraction. Later there was also an increase in the duration of the action potential at the 50% level of repolarization, but no appreciable changes in the duration at the 90% level of repolarization were observed. The progressive increase in the duration of the action potential was associated with a progressive decrease in the force of contraction, and both of these changes were maximum within 10 minutes, after which no further changes were noticed. As shown in Figures  4 and 5 , there was an increase in the amplitude of the action potential which was maximum at the end of 5 minutes. The amplitude later tended to decrease slightly toward the control value at 0 HIM KCI. The changes in the duration of the action potential at the 25% level of repolarization were greater than those at the 50% and 90% levels of repolarization. The changes in the force of contraction paralleled more to the changes in duration of the action potential at the 25% level of repolarization than to those changes in amplitude and in duration of the action potential at the 50% and 90% levels of repolarization (Figs. 4 and 5).
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RELATIONSHIP BETWEEN EXTRACELLULAR CONCENTRATIONS OF RbCI AND THE RECORDED ACTION POTENTIAL AND CONTRACTION
To demonstrate the relationship between extracellular concentrations of RbCI and the action potential and contraction of papillary muscle, various concentrations (1, 2, 4, and 8 ITIM) of RbCI in KCl-free Krebs-Ringer solution were used. The effects of each concentration of RbCI were observed for 20 minutes, except in the case of 8 HIM RbCI where the effects were observed for 10 to 12 minutes. This short period of observation should not have affected the results because maximum effects with RbCI appeared within 10 to 12 minutes. The results are shown in Figures 6 and 7 . It was observed that the progressive increase in the concentration of Effect of 1 niM RbCl on the amplitude and duration (D) of the action potential (AP) and the force of contraction of human papillary muscle with respect to time after equilibration in KCl-free solution. The values are expressed as percentage change from the control at 0 VIM KCl taken as 100%. Each point on the graph is a mean of eight experiments. A, B, and C represent the duration of the action potential at 25%, 50%, and 90% levels of repolarization, respectively.
(+) and (--) signs indicate increase and decrease, respectively.
RbCl produced a progressive increase in the duration of the action potential and a decrease in the force of contraction. The lengthening of the duration of the action potential at the 25% level of repolarization was greater than that at the 50% level of repolarization. The changes in the duration at the 90% level of repolarization were not marked. Concentration-dependent decreases in the resting potential were also observed ( Fig. 6 ) except for 1 niM of RbCl where no perceptible change was observed. From Figure 7 , it is evident that the amplitude of the action potential decreased with increasing concentrations of RbCl except at 1 HIM of RbCl where there was an increase instead of a decrease.
Exposure of the muscle for 12 to 15 minutes in 8 mM RbCl regularly resulted in inexcitability of the muscle. The muscle did not respond to each stimulus as shown in Figure  8 , B and C. After exposure of the muscle for 12 to 15 minutes, in 8 mM RbCl, each normal action potential (a) was followed in succession by another action potential (b) and then the stimulus artifact (c), showing that every third stimulus was ineffective in producing an action potential associated with contraction ( Fig. 7, B ). Action potentials a and b were accompanied by corresponding contraction a' and b'. Stimulus artifact (c) was not associated with any contraction. This cycle was followed 2 to 3 minutes later by a cycle of action potential (a) and stimulus artifact (b) showing that only alternate stimuli were capable of producing action potentials associated with contraction ( Fig. 8,  C) . Later, the muscle became completely inexcitable and the strength of stimulus had to be increased to excite the muscle. There was a delay in the conduction as can be seen from the delay between stimulus and the corresponding action potential and contraction (Fig. 8, B and C) when compared to the tracing in Figure 8 , A. This effect of high concentrations of RbCl was reversible.
Discussion
To correlate the mechanical activity (which represents the overall contractile properties of the muscle) of the papillary muscle strips with the changes in the transmembrane potentials (which are recorded from the cells on the surface of the muscle), it is necessary that all the cells are adequately supplied with O 2 during activity. Thick muscle contracting in a bath at 37°C at a rate of 60/min would certainly have a central anoxic core because of the inability of O 2
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RbCI (4mM ) RbCI (8mM to reach the center of the muscle by diffusion as rapidly as it is used. The equation derived by Hill (11) gives the maximum thickness // for a plane sheet of muscle, exposed on one surface only to oxygen, which is adequately oxygenated by diffusion of Oj from the medium as
where b' is the thickness in centimeters, y 0 is the concentration of oxygen in the medium in atmospheres, k is the diffusion constant for oxygen (k= 1.4 X 10" 5 at 20°C and increased by about 1% per degree C [12] , and a is the rate of oxygen consumption which is defined as ml O 2 uptake ml tissue X min Substitution was made in equation (1) as follows: fc=1.64x 10-r ' at 37°C, y o = 0.95 (in an atmosphere of 95% O 2 and 5% CO 2 ), and a -Circulation Research, Volume XXIV, February 1969 1.43 X l(h 2 at Qoo =4.3 for cat papillary muscle stimulated at the rate of 1/sec at 37°C (13) . Calculating from this equation, the value for b' is 0.466 mm. When the muscle is exposed to 0-2 on both sides, the value for b' becomes 0.932 mm. This means that the muscles having a thickness of less than 0.932 mm will be adequately supplied with O 2 by simple diffusion in an atmosphere of 95% O 2 and 5% CO.. Page and Solomon (14) estimated that a cylindrical papillary muscle of cat with a diameter of 1.12 mm can be adequately oxygenated. The thickness of the muscles used in our experiments varied from 0.5 to 0.75 mm. If the oxygen consumption of human papillary muscle is considered to be similar to that of cat papillary muscle, then our results would not have been affected by lack of oxygenation of the central core of the muscles.
Our results with KCl-free solution indi- cated that there was a relationship between the shortening of the duration of the action potential at the 25% and 50% levels of repolarization and the increase in the force of contraction. This confirms our earlier findings in guinea pig (7) and in human (6) papillary muscles. An increase in the force of contraction in KCl-free solution and a decrease in the force of contraction in increased extracellular potassium have also been reported in cat papillary muscle (15) . Brooks et al. (16) have reported that in mammalian papillary muscle and Purkinje fibers there was a shortening of the duration of the action potential when KCl was lowered to 0.35 and 0.67 HIM. This shortening at the earlier phase of repolarization was associated with the lengthening of the duration at the terminal phase of repolarization.
Rubidium chloride was found to increase the duration of the action potential and decrease the force of contraction, and these effects were concentration-dependent. These changes were similar to the changes observed with the increasing concentrations of extracellular KCl in human papillary muscle (6) and cesium chloride in guinea pig papillary muscle (7) . Both potassium and rubidium have been reported to stimulate membrane 200 msec
FIGURE 8
Effect of 8 mM RhCl on the simultaneously recorded transmembrane action potential and contraction of human papillary muscle. A, after 30 minutes in KCl-free solution. B, after 12 minutes in 8 mM RbCl. a and b are action potentials, and a' and b' are corresponding contractions, c is stimulus artifact and c' is corresponding contraction recording (superimposed tracings). C, after 14 minutes in 8 mM RbCl. a and a' action potential and stimulus artifact, respectively, b and b' are contractions corresponding to a and a' (stiperimposed tracings). Note the conduction delay and inexcitability of the muscle in high concentration of 8 mM RbCl. B shows that every third stimulus was ineffective in producing action potential associated with contraction. C shows that every alternate stimulus was ineffective in doing so. Also note stimulus artifacts unaccompanied by contractions. ATPase (5, S). Transmembrane action potentials have been found to be affected almost similarly with both potassium and rubidium chloride in Purkinje fibers of sheep and calf (17) . A drop in the resting potential with increasing extracellular rubidium in sheep and calf Purkinje fibers has also been reported by Miiller (17) . He found a reduction in the duration of the action potential with RbCl (10.8 HIM). Rubidium chloride in high concentration has been reported to inhibit membrane ATPase (5, 8) , and in such case a reduction in the action potential might be expected. In the present study, the maximum concentration of RbCl used was 8 HIM. This concentration might not be inhibitory to the membrane ATPase of the human papillary muscle. A decrease in the force of contraction of frog heart with RbCl was reported by Ringer (18) . High concentration of KC1 produces inexcitability and conduction delay in cardiac muscle (16) . If RbCl behaves like KC1, then these results are expected.
Assuming the genesis of repolarization to be related to K + efflux (19) , the reduction in the duration of the action potential in KCl-free solution and the increase in the duration with RbCl could be explained by an increased efflux of potassium in KCl-free solution and decreased efflux of potassium in solution containing RbCl. An increase in the force of contraction produced by KClfree solution might be due to an increased uptake of calcium. An increased uptake of labeled calcium in heart muscle during potassium lack contracture has been reported by Thomas (20) . Langer and Brady (21) have suggested that K + efflux is associated with the facilitation of Ca 2+ access to the contractile site.
The present findings indicate that the shortening of the duration of the action potential in KCl-free solution might be linked with the inhibition of the membrane ATPase which in turn might increase the contraction of the heart muscle in some manner. The increase in the duration of the action potential and the decrease in the force of contraction produced by potassium and cesium chloride Circulation Research, Volume XXIV, February 1969 have been suggested to be due to the stimulation of membrane ATPase (6, 7) . Since RbCl has been reported to replace KC1 in producing a stimulation of the membrane ATPase (5, 9) , the changes in the configuration of the action potential and the force of contraction associated with RbCl might also be due to stimulation of membrane ATPase. A decrease in the contraction produced by rubidium might be due to a decrease in the uptake of calcium. Thus it appears that KClfree solution which produces an inhibition of the membrane ATPase produced a shortening of the duration of the action potential associated with an increase in the force of contraction. On the other hand, RbCl, which has been reported to stimulate the membrane ATPase, produced an increase in the duration of the action potential associated with a decrease in the force of contraction.
